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We report experimental and theoretical studies of excitons in twisted stacks of MoSe2-WSe2 heterobilayers
and heterotrilayers. We observe distinct optical signatures for the heterobilayer and heterotrilayer regions of
a MoSe2-WSe2 heterostack, and interpret our experimental findings in the framework of moiré modulated
momentum direct and indirect interlayer excitons. Our results highlight the role of interlayer hybridization for
exciton relaxation and formation in multi-layered semiconductor van der Waals heterostructures.
Heterostructures of layered two-dimensional materials ex-
hibit rich transport and optical phenomena. In twisted or
lattice-incommensurate heterobilayers (HBLs), laterally mod-
ulated van der Waals interactions give rise to spatial variations
in the degree of interlayer hybridization on the characteris-
tic length scale of the moiré interference pattern [1–6]. The
formation of moiré superlattices has profound effects on the
electronic band structure, as evidenced by the emergence of
correlated transport phenomena in flat bands of twisted bi-
layer [7, 8] and trilayer [9, 10] graphene, or detected optically
in twisted homobilayers [11] and aligned HBLs [12, 13] of
transition metal dichalcogenides (TMDs). The latter also ex-
hibit rich moiré signatures in the optical spectra of intralayer
[14] and interlayer [15–18] excitons formed by Coulomb at-
traction among layer-locked and layer-separated electrons and
holes.
In MoSe2-WSe2 HBL, a prominent representative of TMD
heterostacks, the interlayer exciton photoluminescence (PL)
is observed well below the intralayer features of monolayer
MoSe2 and WSe2 constituents [19]. The PL energy is con-
sistent with a staggered band alignment [20] which separates
electrons and holes into the conduction and valence bands of
MoSe2 and WSe2, respectively. In accord with layer sepa-
ration, interlayer excitons exhibit strongly prolonged radiative
lifetimes [19] and reduced oscillator strength [21]. Despite nu-
merous experimental and theoretical studies of MoSe2-WSe2
HBLs, the origin of the lowest energy PL remains a subject of
debate [22]. While the majority of experimental studies inter-
pret the HBL emission in terms of zero-momentum interlayer
excitons with K or K ′ valley electrons and holes in MoSe2
and WSe2 [15, 16, 19, 21, 23–29], others invoke excitons built
from hybridized HBL conduction band states at Q [30–32].
Band structure calculations indeed suggest that hybridization
of Q conduction and Γ valence bands of MoSe2 and WSe2
gives rise to strong energy renormalization upon HBL forma-
tion [2, 33, 34] which might turn either QK or QΓ interlayer
excitons into the lowest energy states.
Additional complication arises in the presence of moiré ef-
fects. In moiré-modulated HBLs, electronic states exhibit
valley-contrasting energy shifts upon interlayer hybridization,
with states in K and K ′ valleys being less susceptible to energy
reducing interactions than the conduction band states at Q or
the valence band states at Γ. This effect, analogous to the
origin of the direct-to-indirect band gap cross-over in TMD
monolayers and bilayers [35–37], should also impact the band
structure of HBLs [2] yet has been mostly neglected in the
context of moiré excitons [1, 3–6]. Interlayer hybridization is
expected to play an even more prominent role in heterotrilayer
(HTL) systems with native homobilayers. For the explicit case
ofMoSe2-WSe2 HTLs, onewould expect sizable hybridization
effects between the MoSe2 bilayer band edge states at Q and
their counterparts in monolayer WSe2, rendering the overall
heterostructure an indirect band gap semiconductor.
Motivated by the contrasting behavior anticipated for mo-
mentum direct and indirect band edge interlayer excitons in
MoSe2-WSe2 HBL and HTL, we performed optical spec-
troscopy studies of the corresponding moiré heterostructures
on the same sample. To this end, a MoSe2 crystal with mono-
layer and bilayer regions was stacked onto a WSe2 monolayer
by dry viscoelastic stamping [38] and encapsulated from both
sides by hexagonal boron nitride (hBN). The MoSe2 crystal
with a native bilayer region in 2H or AA’ stacking was twisted
in R-type configuration by about 4◦ with respect to the WSe2
monolayer. At such relatively large angles, we expect themoiré
heterostructure to be robust against reconstruction [39, 40] and
thus to contrast previous studies of MoSe2-WSe2 HBLs care-
fully aligned for zero twist angle in R-type stacking [24, 28] as
well as moiré-free HBLs obtained from chemical vapor depo-
sition with lattice-mismatch relaxation and inherent alignment
[21, 23].
Cryogenic PL and differential reflectivity (DR) spectra of
the HBL and HTL regions at 3.2 K are shown in Fig. 1a and
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FIG. 1. a and b, Photoluminescence (black and grey) and differential
reflectivity (blue and dark cyan) spectra of twisted HBL and HTL
MoSe2-WSe2 at 3.2 K. The luminescence was excited with linearly
polarized excitation at 1.85 eV and scaled in intensity below 1.47 eV
by a factor of 5 in both graphs.
b, respectively. The DR features in the spectral range between
1.55 eV and 1.75 eV are consistent with absorption character-
istics of intralayer excitons. Whereas the two dominant DR
peaks of the HBL spectrum in Fig. 1a essentially reflect the
respective MoSe2 and WSe2 monolayer transitions around 1.6
and 1.7 eV, the HTL spectrum in Fig. 1b is different. Com-
pared to the HBL spectrum, it exhibits a red-shift of the WSe2
intralayer exciton peak by 8 meV because of Coulomb screen-
ing by the additional MoSe2 layer, and a rich structure around
the MoSe2 absorption peak with possible contributions from
interlayer excitons of bilayer MoSe2 [41] as well as moiré
miniband effects [6] in the twisted HTL.
Within the same energy range, the cryogenic PL is con-
sistently dominated by intralayer excitons. Remarkably, the
intralayer MoSe2 and WSe2 peaks in the HBL spectrum of
Fig. 1a are nearly completely quenched in the HTL spectrum
of Fig. 1b, indicating for the latter drastically suppressed hot lu-
minescence due to enhanced population relaxation into lowest-
energy interlayer exciton levels. This observation is in accord
with the theoretical prediction of increased charge transfer ef-
ficiency via hybridized Q and Γ states in heterostructures [2].
Another striking difference in the PL from HBL and HTL is
evident for interlayer excitons with emission around 1.35 and
1.30 eV in the spectra of Fig. 1a and b, respectively. Consistent
with finite twist angle, the multi-peak PL of the HBL around
1.35 eV is reminiscent of rich MoSe2-WSe2 moiré spectral
features [16] rather than of simple spectra from aligned HBLs
[24–29]. The PL of the HTL shows a red-shift of ∼ 80 meV
upon the addition of an extra MoSe2 layer and exhibits a differ-
ent spectral structure that is strikingly similar to the cryogenic
PL from bilayer WSe2 [42] (see the Supplementary Informa-
tion for direct comparison).
The differences in the PL spectra of Fig. 1a and b suggest
different origins for the interlayer exciton PL in MoSe2-WSe2
HBL and HTL. To provide a basis for the interpretation of
our observations, we performed numerical calculations of the
band structure and exciton g-factors with density functional
theory (DFT) in generalized gradient approximation (see the
Supplementary Information for details). Assuming that the
twist angle is sufficiently small to employ the local band struc-
ture approximation [4, 43], we restrict our analysis to three
high symmetry points of the moiré superlattice in each het-
erostructure with stackings indicated in Fig. 2a (see the Sup-
plementary Information for a detailed representation of the
stackings). Using the band structure results from DFT, we
employed the Wannier exciton model in the effective mass ap-
proximation [44] to calculate the energies of intralayer and
interlayer excitons in different spin-valley configurations.
In the top panels of Fig. 2b and c we plot the oscillator
strength of direct KK exciton transitions in different R-type
stackings of HBL and HTL. For all stackings, interlayer exci-
tons exhibit at least two orders of magnitude lower oscillator
strengths than their intralayer counterparts [33] with dipolar
selection rules in agreement with the group theory analysis
of R-type HBL [5, 21]. In accord with previous calculations
for HBLs, we find the lowest-energy KK interlayer exciton
for A’B’ [4, 33] and energetically higher excitons for AA and
AB’ stackings. In all HBL stackings of R-type registry con-
sidered here, the lowest KK interlayer exciton is spin-like,
∼ 20 meV below its spin-unlike counterpart. In AA stacking,
the spin-like state has the largest oscillator strength, whereas
for spin-unlike states only the KK exciton in A’B’ stacking has
a sizable oscillator strength in agreement with previous DFT
results [33, 34].
For the HTL, our calculations predict an increase in the
number of conduction bands associated with lowest energy
excitons due to the additional MoSe2 layer. As such, interlayer
KK excitons can be grouped according to the localization of
the conduction band electron in one of the MoSe2 layers. For
electrons localized on the MoSe2 with immediate proximity to
WSe2 (full symbols in Fig. 2c), the corresponding interlayer
excitons feature similar energies (with a small red-shift due
to modified screening) and oscillator strengths as in the HBL
system. Additional interlayer states arise from excitons with
the electron localized in the upper MoSe2 layer (open symbols
in Fig. 2c). Their energetic ordering, with spin-unlike config-
uration again being lowest, and dipolar selection are identical
to KK interlayer excitons in HBLs of H-type registry [5, 21].
However, the corresponding transitions have a drastically in-
hibited oscillator strengths due to a reducedwavefunction over-
lap between the electron and hole in the topmost MoSe2 and
the bottomWSe2 layer and thus should not contribute sizeably
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FIG. 2. a Schematics of twisted HBL and HTL MoSe2-WSe2 with
different high-symmetry stackings. Energy and oscillator strength
calculated for intralayer and interlayer excitons in b HBL and c HTL
for three different stackings. The symbols J, •, and I denote A’B’,
AA, and AB’, and (A’B’)A’, (AA)A’, and (AB’)A’ stackings in HBL
and HTL, respectively. Empty symbols C, ◦, and B indicate HTL
excitons with electrons residing in the top-most MoSe2 layer. The
oscillator strength of interlayer excitons was scaled by a factor of 100.
For zero-momentum KK interlayer excitons (top panels) we indicate
the spin configuration by solid and dashed lines for spin-like and spin-
unlike states, and the polarization of the respective exciton emission
by red (σ+), blue (σ−) and black (in-plane z) colors. The bottom
panels show the energy of finite-momentum interlayer excitons inQK
(green), QΓ (orange) and KΓ (violet) configurations without direct
radiative transitions.
to the PL of HTL [45].
In addition to KK excitons, our calculations yield the ener-
gies of momentum-indirect QK , QΓ and KΓ excitons (bottom
panels of Fig. 2b and c) composed from electrons in Q (or Q′)
and K as well as holes at K or Γ. Note that the notion of oscil-
lator strength is meaningless for momentum-indirect excitons
without direct radiative decay pathways. The energetic order-
ing of interlayer excitons with zero and finite center-of-mass
momentum differs substantially in HBL and HTL systems:
whereas our calculations predict energetic proximity for KK ,
QK and KΓ states in HBLs, finite-momentum QK and QΓ
states in HTL are energetically well below the directKK states,
with an energy difference in the order of 200meV. This trend is
well known for monolayer and bilayer TMDs, where the states
at K are much less sensitive to the addition of one layer than
the states at Q and Γ [35–37, 46]. For the HTL, strong in-
terlayer hybridization should result in efficient layer coupling
as opposed to layer locking [45]. The respective experimental
signature of enhanced relaxation from intralayer to interlayer
exciton states is the strong suppression of the HTL PL around
the MoSe2 intralayer resonance at 1.62 eV in Fig. 1b.
We find experimental support for our theoretical description
of HBL and HTL excitons by probing the PL and the degree
of circular polarization (PC) at increasing excitation powers.
The corresponding results are shown in Fig. 3a, b and c, d
for HBL and HTL, respectively. Upon increasing excitation
power from 0.1 to 100 µW, the HBL spectrum develops a
pronounced shoulder above 1.40 eV in Fig. 3a with vanishing
PC in Fig. 3b. This feature is consistent with PL from interlayer
excitons in AB’ stacking with in-plane linear polarization (z-
polarized states in Fig. 2b) collected by our high-NA objective.
It requires sufficiently high excitation powers to be observed
as hot luminescence from energetically higher states.
In contrast, the brightest PL peaks around 1.40 eV with a
positive degree of circular polarization are present down to
lowest excitation powers. They can be assigned to spin-like or
spin-unlike KK interlayer excitons in AA and A’B’ stacking,
respectively (states in Fig. 2b with σ+ polarization). However,
since the sign reversal in PC for the lowest-energy spin-likeKK
interlayer exciton in A’B’ stacking (state in Fig. 2b with σ−
polarization) is missing at the low-energy side of the structured
HBLPL spectrum [16], strong contribution fromA’B’ stacking
seems unlikely. Instead, the spectrum appears to be dominated
by KK interlayer excitons from AA regions, with PL energies
modulated by moiré miniband effects.
Our theory also provides means to understand the differ-
ences in the HBL and HTL PL spectra. The data in Fig. 3c
highlight the presence of circularly polarizedKK interlayer ex-
citon transitions in HTL via power-activated hot luminescence
at energies above 1.35 eV. This scenario is corroborated further
for the lowest excitation power (dark green data in Fig 3d) by
two peaks with finite PC at 1.35 and 1.38 eV stemming from
KK interlayer excitons with σ+ polarization in both (A’B’)A’
and (AA)A’ stackings. Moreover, as for the HBL, the HTL
spectrum at 100 µW excitation power in Fig. 3c exhibits a
strong highest-energy PL shoulder around 1.45 eV from z-
polarized states in (AB’)A’ stacking with vanishing PC. The
low-energy peaks around 1.30 eV, on the other hand, can be in-
terpreted as phonon sidebands of momentum-dark QK or QΓ
interlayer exciton reservoirs (lowest states in Fig 2c). Without
removing the ambiguity in the assignment of the lowest-energy
reservoir to QK or QΓ, this scenario explains the similarity in
the spectral shape of HTL PL and the PL of native bilayer
WSe2 originating from momentum-indirect excitons [42, 47].
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FIG. 3. a, c Photoluminescence spectra and b, d degrees of circular
polarization (PC) for twisted HBL and HTL MoSe2-WSe2, respec-
tively, at different excitation powers. Photoluminescence and PC are
color-coded from black to grey and dark green to light green for in-
creasing excitation powers of 0.1, 10 and 100 µW. Both HBL and
HTL exhibit photoluminescence brightening above 1.40 eV accom-
panied by an overall decrease in the degree of circular polarization
with increasing excitation power. Note the peaks in HTL PC at 1.35
and 1.38 eV.
To clarify the origin of the HTL PL, and to provide fur-
ther insight into the multi-peak structure of the HBL emission,
we performed magneto-luminescence experiments in Faraday
configuration and compared the results with theory. The dis-
persion of the PL peaks in external magnetic field applied
perpendicular to the heterostructure is shown in Fig 4. The
solid black lines indicate linear energy shifts recorded for σ+
and σ− circularly polarized PL as a function of magnetic field.
From this set of data, we determine the respective g-factors
using the relation ∆E = gµBB, where ∆E is the energy split-
ting between σ+ and σ− polarized peaks proportional to the
interlayer exciton g-factor, µB is the Bohr magneton, and B
is the magnetic field. For the HBL, the extracted g-factors
range between −4.2 and −6.2 with the same sign as for WSe2
intralayer excitons, whereas the HTL peaks exhibit g-factors
between −12 and −13.
The experimental g-factors determined for the HBL peaks
from the data of Fig 4a and b (−6.2 ± 0.8, −4.2 ± 0.8 and
−5.5 ± 0.8) are consistent with previous studies of aligned
MoSe2-WSe2 heterostructures in R-type registry with absolute
values in the range from 6.1 to 8.5 [15, 24, 28]. They contrast
the g-factors between 15 and 16 of interlayer excitons in HBL
of H-type registry [15, 26, 29, 48]. For the respective KK
interlayer excitons in R-type HBLs, our calculations predict
(see Supplementary Information for details) an absolute g-
factor value close to 6 and opposite signs for the degrees of
circular polarization in AA and A’B’ stackings (with negative
and positive PC, respectively), in agreement with a similar
theoretical analysis of interlayer exciton g-factor values and
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FIG. 4. a and b, Magneto-luminescence of HBL MoSe2-WSe2 for
linear excitation and σ+ (red) and σ− (blue) circularly polarized
detection, respectively. c and d, Same for HTL MoSe2-WSe2. The
solid lines show magneto-induced energy shifts of HBL and HTL
peakswith g-factors (fromhigh to low energy) of−6.2±0.8,−4.2±0.8
and −5.5 ± 0.8, and −12.0 ± 2.0, −12.0 ± 0.8 and −13.0 ± 0.8,
respectively.
signs [49, 50].
The negative sign of the g-factor determined for all HBL
peaks supports their assignment to interlayer excitons of AA
stacked regions. This finding implies that AA domains domi-
nate the PL from rigid HBL moiré supercells, although A’B’
regions should be at least of comparable size [39]. In the pres-
ence of reconstruction effects at small twist angles, in contrast,
one would expect the spectra to be dominated by interlayer
excitons from energetically favored A’B’ and AB’ triangular
domains of comparable area [39, 40, 51].
For the HTL peaks of Fig 4, the absolute values of g-factors
of about 12 help to exclude momentum-indirect interlayer ex-
citon reservoirs KΓ andQΓ as sources of phonon-assisted PL.
According to our theory analysis, they exhibit small g-factors
due the vanishing valley Zeeman terms in the Γ valley. The ex-
perimentally observed g-factor values suggest that spin-unlike
Q′K interlayer excitons with a theoretical g-factor of∼ 14 con-
tribute to the lowest-energy HTL emission. KK spin-unlike
(spin-like) interlayer exciton configurations formed by the elec-
tron in the lower (upper)MoSe2 layer with theoretical g-factors
between 11 and 13 and the respective K ′K counterparts with
similar g-factors disqualify as the PL origin as they are not
the energetically lowest zero-momentum states. In contrast
to the HTL case, the PL peaks of the HBL are consistent
with zero-momentum KK interlayer excitons. This allows us
to conclude that momentum-direct interlayer excitons domi-
nate the PL of twisted MoSe2-WSe2 HBL, whereas its HTL
counterpart exhibits PL due to phonon-assisted emission from
finite-momentum Q′K states.
In conclusion, we carried out comprehensive experimen-
tal and theoretical studies of excitons in twisted MoSe2-WSe2
HBL and HTL of R-type registry. To interpret our observa-
tions from optical spectroscopy experiments, we performed
DFT calculations of the band structures, exciton states and g-
5factors for MoSe2-WSe2 HBL and HTL. Our results suggest
that the PL of twisted R-type HBLs stems from momentum-
direct interlayer excitons with emission energies modulated by
moiré effects. In contrast, the HTL spectra of the MoSe2-
WSe2 heterostructure are dominated by momentum-indirect
interlayer excitons, highlighting the role of hybrid interlayer
states for the relaxation and formation of excitons in twisted
van der Waals heterostructures.
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I. EXPERIMENTAL METHODS AND SUPPLEMENTARY RESULTS
MoSe2-WSe2 heterostructure with heterobilayer and heterotrilayer regions
The MoSe2-WSe2 heterostructure was fabricated by standard mechanical exfoliation using the hot
pick-up technique [1]. First, a layer of high quality hexagonal boron nitride (hBN) [2] was picked
up with the stamp, followed by MoSe2 with monolayer (ML) and bilayer (BL) regions, a ML
of WSe2 and a capping layer of hBN. The whole stack was subsequently deposited on a target
substrate with a terminating layer of 60 nm SiO2.
Cryogenic spectroscopy techniques
Photoluminescence (PL) and differential reflectivity (DR) experiments were performed in a home-
built cryogenic microscope setup. The sample was mounted on piezo-stepping and scanning
units (attocube systems ANPxy101, ANPz101 and ANSxy100) for positioning with respect to
a low-temperature objective (attocube systems LT-APO/LWD/NIR/0.63 and LT-APO/NIR/0.81).
The microscope was placed in a dewar with an inert helium atmosphere at a pressure of 20 mbar
and immersed in liquid helium at 4.2 K or operated at 3.2 K in a closed-cycle cryostat (attodry
1000) equipped with a bi-directional solenoid at magnetic fields of up to 9 T. DR experiments were
performed with a wavelength-tunable supercontinuum laser (NKT SuperK Extreme and SuperK
Varia), also used for PL excitation around 633 nm or 715 nm with repetition rates down to 2MHz.
For continuous-wave measurements, the PL was excited with a laser diode at 635 nm or a HeNe
laser, spectrally dispersed by a monochromator (Princeton Instruments Acton SP 2750, SP 2558 or
Acton SpectraPro 300i) and recorded with a nitrogen-cooled silicon CCD (Princeton Instruments
PyLoN and Spec-10:100BR) or thermo-electrically cooled CCD (Andor iDus). Time-resolved PL
was detected with an avalanche photodiode (Excelitas SPCM-AQRH).
Spectra of MoSe2-WSe2 heterotrilayer and native WSe2 homobilayer
A striking similarity in the PL spectra from MoSe2-WSe2 HTL and native WSe2 BL is evident
from Fig S1, the latter exhibiting PL emission as phonon-sidebands of momentum indirect QK
excitons [3]. The spectra of MoSe2-WSe2 HTL and WSe2 BL feature remarkably similar profiles
when red-shifted by the band-offset energy of ∼ 280 meV.
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FIG. S1. a, Photoluminescence spectrum of interlayer excitons in MoSe2-WSe2 HTL and b, native WSe2
BL encapsulated in hBN. For both measurements the temperature was 3.2 K.
II. THEORETICAL METHODS
Exciton energies in MoSe2-WSe2 heterobilayers and heterotrilayers
Density functional theory (DFT) calculations of MoSe2-WSe2 HBL and HTL were performed with
the PBEsol exchange-correlation functional [4] as implemented in the Vienna ab initio simulation
package (VASP) [5]. Van der Waals interactions were included with the DFT-D3 method by
Grimme et al. [6] with Becke-Johnson damping [7]. Moreover, spin-orbit interactions were
included at all stages.
Elementary cells with thickness of 35 Å in the z-direction were used in order to minimize
interactions between periodic images. The atomic positions were relaxed with a cutoff energy
of 400 eV until the total energy change was less than 10−6 eV. Calculations were performed for
high-symmetry points of HBL and HTL moiré patterns in R-type stacking as shown in Fig. S2 on
the Γ-centered k grid of 6 × 6 divisions with the cutoff energy of 300 eV, with 600 bands for the
HBL and 900 bands for the HTL structures. The results for energy gaps and effective masses (in
units of free electron mass m0) are summarized in Tables S1 and S2 for HBL and HTL.
Based on these DFT results, we used the Wannier exciton model in the effective mass approx-
imation [8] to calculate the exciton energies EX for different spin-valley configurations shown in
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FIG. S2. High-symmetry stackings in R-type HBL (a–c) and HTL (d–f) MoSe2-WSe2.
Fig. 2 of the main text, obtained as EX = EDFTg + Eoffsetg − Eb from the DFT quasiparticle band gap
energy EDFTg corrected by an offset Eoffsetg that accounts for an underestimated band gap, and the
exciton binding energy Eb. Eoffsetg = 480 meV was used as a global energy offset for all exciton
configurations by placing experimental and theoretical energy positions of KK interlayer excitons
of WSe2 in resonance.
To determine the exciton binding energy we solved the stationary Schrödinger equation of the
electron–hole relative motion, [
− ~
2
2µ
∇2 + V(ρ)
]
ψ(ρ) = Enψ(ρ), (1)
where ψ(ρ) is the radial wave function, µ = memh/(me +mh) is the reduced effective mass, me and
mh are the effective masses of electron and hole, and V(ρ) the Rytova–Keldysh potential [9, 10] of
the form
V(ρ) = − pie
2
2ερ0
[
H0
(
ρ
ρ0
)
− Y0
(
ρ
ρ0
)]
, (2)
with elementary charge e, effective dielectric constant ε, screening length ρ0, and Struve and
4
TABLE S1. Effective masses and energy gaps of HBL MoSe2-WSe2 from DFT.
Electron Hole Energy gap
Stacking k-point Layer me(m0) k-point Layer mh(m0) Eg (eV)
AA K W 0.38 K W 0.47 1.4
K Mo 0.67 K Mo 0.74 1.43
K Mo 0.7 K W 0.47 1.12
K Mo 0.67 K W 0.47 1.1
Q Mo/W 0.66 K W 0.47 1.05
K Mo 0.67 Γ W/Mo 1.36 1.43
Q Mo/W 0.66 Γ W/Mo 1.36 1.38
A’B’ K W 0.37 K W 0.44 1.39
K Mo 0.63 K Mo 0.71 1.42
K Mo 0.71 K W 0.44 1.06
K Mo 0.63 K W 0.44 1.04
Q Mo/W 0.66 K W 0.44 1.01
K Mo 0.63 Γ W/Mo 0.85 1.09
Q Mo/W 0.66 Γ W/Mo 0.85 1.06
AB’ K W 0.39 K W 0.46 1.4
K Mo 0.66 K Mo 0.72 1.41
K Mo 0.73 K W 0.46 1.2
K Mo 0.66 K W 0.46 1.18
Q Mo/W 0.61 K W 0.46 1.08
K Mo 0.66 Γ W/Mo 0.92 1.20
Q Mo/W 0.61 Γ W/Mo 0.92 1.10
Neumann functions H0(x) and Y0(x). The binding energy was obtained as Eb = −min(En) from
the minimal eigenvalue En, with ε = 4.5 and ρ0 = 1 nm as parameters for MoSe2 [11].
Calculation of exciton g-factors
Our methodology for calculations of exciton g-factors from first principles has been described in
detail in [12]. Here, we recapitulate the main steps for determining the g-factors of excitons in
different spin and valley configurations in HBL and HTL MoSe2-WSe2.
The exciton is formed by Coulomb correlations between an occupied state in the conduction
band c with the wave vector kc and spin z-projection sc and an empty state in the valence band
v with the wave vector kv and spin z-projection sv . In this spin-valley configuration, the exciton
g-factors is given by
g(cv)(kc, kv) = gc(kc) − gv(kv), (3)
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TABLE S2. Effective masses and energy gaps of HTL MoSe2-WSe2 from DFT.
Electron Hole Energy gap
Stacking k-point Layer me(m0) k-point Layer mh(m0) Eg (eV)
(AA)A’ K W 0.39 K W 0.48 1.4
K Mo’ 0.83 K Mo’ 0.79 1.42
K Mo 0.82 K Mo 0.74 1.42
K Mo’ 0.58 K W 0.48 1.11
K Mo 0.6 K W 0.48 1.1
K Mo’ 0.83 K W 0.48 1.09
K Mo 0.82 K W 0.48 1.08
Q Mo/Mo’/W 0.57 K W 0.48 0.88
K Mo 0.82 Γ Mo/Mo’/W 0.80 1.21
Q Mo/Mo’/W 0.57 Γ Mo/Mo’/W 0.80 1.01
(A’B’)A’ K W 0.39 K W 0.46 1.39
K Mo’ 0.83 K Mo’ 0.75 1.42
K Mo 0.81 K Mo 0.74 1.42
K Mo’ 0.61 K W 0.46 1.07
K Mo 0.58 K W 0.46 1.06
K Mo’ 0.83 K W 0.46 1.05
K Mo 0.81 K W 0.46 1.04
Q Mo/Mo’/W 0.53 K W 0.46 0.83
K Mo 0.81 Γ Mo/W/Mo’ 0.94 1.09
Q Mo/Mo’/W 0.53 Γ Mo/W/Mo’ 0.94 0.88
(AB’)A’ K W 0.38 K W 0.44 1.4
K Mo’ 0.81 K Mo’ 0.69 1.42
K Mo 0.79 K Mo 0.73 1.4
K Mo’ 0.63 K W 0.44 1.21
K Mo 0.56 K W 0.44 1.2
K Mo’ 0.81 K W 0.44 1.19
K Mo 0.79 K W 0.44 1.18
Q Mo/Mo’/W 0.55 K W 0.44 0.95
K Mo 0.79 Γ Mo/W/Mo’ 0.82 1.11
Q Mo/Mo’/W 0.55 Γ Mo/W/Mo’ 0.82 0.89
where the g-factor of the electron in band n = c, v is
gn(k) = g0sn + 2Ln(k). (4)
Here, g0 = 2 is the free electronLandé factor, and the z-component of the orbital angularmomentum
[13–16] is
Ln(k) = 2m0
~2
∑
m,n
Im
[
ξ
(x)
nm (k)ξ(y)mn (k)
]
(Enk − Emk). (5)
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TABLE S3. Calculated g-factors of interlayer excitons in R-type MoSe2-WSe2 HBL (topmost block) and
HTL (bottom blocks) in spin-like (↑↑) and spin-unlike (↓↑) configurations of conduction band electrons in
K,K ′,Q or Q′ valleys of MoSe2 and empty valence band states at K in WSe2 or at Γ in the hybrid band
of MoSe2-WSe2. For each spin-valley configuration, the g-factors corresponding to the lower-energy state
are shown in bold. For HTL, the upper (lower) block shows KK , K ′K , KΓ, and K ′Γ excitons with the
conduction band electron localized in the lower (upper) MoSe2 layer, as well as QK , Q′K , QΓ, and Q′Γ
excitons with small (large) hybridization with WSe2 conduction band states. The sign convention for KK
interlayer exciton g-factors is the same as for the KK intralayer exciton in WSe2; only absolute values are
given for momentum-indirect interlayer excitons as well as for direct KK excitons with z-polarized in-plane
emission.
KK K ′K QK Q′K KΓ K ′Γ QΓ Q′Γ
Stacking ↑↑ ↓↑ ↑↑ ↓↑ ↑↑ ↓↑ ↑↑ ↓↑ ↑↑ ↓↑ ↑↑ ↓↑ ↑↑ ↓↑ ↑↑ ↓↑
AA −6.4 11.0 13.0 17.6 9.0 13.3 10.7 15.0 3.6 1.0 3.0 7.6 1.0 3.3 0.7 5.0
A’B’ +5.8 −10.5 13.1 17.8 8.6 13.0 10.6 14.9 4.0 0.7 3.3 8.0 1.1 3.2 0.8 5.1
AB’ 6.3 +10.9 13.0 17.6 8.7 12.9 11.0 15.3 3.7 1.0 3.0 7.7 1.3 2.9 1.1 5.3
(AA)A’ −6.3 11.6 12.6 17.9 9.9 14.1 10.1 14.3 3.8 1.5 2.5 7.8 0.2 4.0 0.0 4.2
(A’B’)A’ +5.9 −10.8 13.1 17.9 9.5 13.8 10.1 14.4 4.0 0.8 3.2 8.0 0.4 3.8 0.2 4.4
(AB’)A’ 6.3 +12.2 12.0 18.0 9.6 13.9 10.4 14.6 3.8 2.1 1.9 7.8 0.5 3.7 0.3 4.5
(AA)A’ +12.8 −18.1 6.1 11.4 9.1 13.3 10.9 15.1 2.7 8.0 4.0 1.3 1.0 3.2 0.8 5.0
(A’B’)A’ 13.1 +18.0 5.9 10.7 8.8 12.9 10.9 15.1 3.2 8.0 4.0 0.8 1.2 3.0 1.0 5.2
(AB’)A’ −12.9 18.8 5.5 11.4 9.1 12.9 11.3 15.1 2.8 8.7 4.7 1.2 1.0 2.8 1.2 5.0
In the summation, the index m runs over all bands excluding the band of interest, ξnm(k) =
i〈unk |∂/∂k|umk〉 is the interband matrix element of the coordinate operator, Enk and unk are the
energy and periodic Bloch amplitude of the electron in band n with wave vector k.
Using the energy band structure and interband matrix elements of the coordinate operator
obtained from DFT we calculate the g-factor for excitons in different spin and valley configurations
in HBL and HTL MoSe2-WSe2 according to the equations above. The results are summarized in
Table S3 for momentum-directKK andmomentum-indirectKK′,QK ,Q′K , KΓ, andK′Γ interlayer
excitons in HBL (top block) and HTL (bottom blocks) in different stackings of R-type registry.
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